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Abstract
At the Aquistore Carbon Capture and Storage site, į13C isotopes were analysed from mud gas samples collected 
during the drilling of the 3400 m deep injection and observation wells. From these results a compound specific 
isotope vertical depth profile was generated of the background carbon isotopes at that site. į13C for methane ranged 
from -68‰ PDB near the surface to -39‰ at 3232 m depth. To date, this is the deepest isotope record in the 
Saskatchewan portion of the Williston Basin, from the deepest well(s) in the province of Saskatchewan.  
© 2013 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Since the industrial revolution, atmospheric concentrations of greenhouse gases such as CO2 have increased. A 
large portion of these emissions comes from the burning of fossil fuels. For example in 2013, in the USA 67% of 
electricity was generated from fossil fuel with 39% attributed to the combustion of coal [1]. In Canada, 
approximately 12.6% of electricity is generated from coal combustion [2] therefore across North America modern 
coal power plants are some of the largest single point emitters of CO2.
One method to help mitigate the release of greenhouse gases is through the capture of CO2 at coal fired power 
plants and the subsequent injection into deep saline aquifers for long term storage.  A new example is the Aquistore 
project at SaskPower’s Boundary Dam Integrated Carbon Capture and Storage (CCS) Demonstration Project. 
Carbon dioxide will be captured from Unit Three of the Boundary Dam coal fired power station and transported 
© 2014 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
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approximately four kilometers via underground pipeline to a 3400 m deep injection well where it will be injected 
into a deep saline aquifer for long term storage. 
Concerns of the potential environmental impact of this project have been addressed by the creation of an 
extensive measurement, monitoring, and verification (MMV) program. This program was designed to ensure 
conformance of injected CO2 and minimize risks associated with any potential leakage via early detection methods. 
One component of the Aquistore MMV program was the creation of a compound specific isotope depth profile. To 
achieve this, mud gases were collected during the drilling of the Aquistore injection and observation wells (5-6-2-
8W2) near the town of Estevan, Saskatchewan. These samples were then analyzed for į13C isotopes of C1-C4
alkanes. Knowing the background geochemistry prior to injection, it is possible to determine if there is a deviation 
from initial conditions over time. Mud gas isotopes have previously proven useful in the oil industry for exploration, 
production, and tracing the origins of migrating subsurface gases [3-6]. For this reason, a gas isotope analysis prior 
to CO2 injection is a tool that complements the entire MMV program of the Aquistore CO2 storage project.  
2. Geochemistry 
Carbon has two stable isotopes: 12C and 13C which have an approximate abundance ratio of 99:1 in nature [7]. 
Isotope abundances are generally reported in the į notation which represents the relative differences between the 
isotope ratios in a sample to the difference in a standard [8]. The results in this paper are given in per mil (‰) and 
expressed in terms of Peedee Formation belemnite (PDB) standard. Delta notation is expressed by the following 
equation: 
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More positive values reflect an enrichment in 13C of the sample compared to the standard, while more negative 
values are depleted in 13C.
Fuex [7] summarized the theory underlying the use of stable carbon isotopes in the analysis of gaseous 
hydrocarbons. There are two general mechanisms of hydrocarbon gas generation: thermal and biogenic. Thermal 
generation occurs through the maturation of organic matter, and as a result of catagenesis, the thermal cracking of 
liquid petroleum. Biogenic generation occurs through the microbial production of methane gas in anaerobic 
environments near the surface, and in some cases at depth. The į13C values for each natural gas species can easily be 
determined by chromatographic separation prior to combustion for isotopic analysis. 
As thermogenic gases mature, the į13C value generally becomes less negative. This is a result of the kinetic 
isotope effect in which 12C-12C bonds are more easily broken than 12C-13C bonds. Another controlling factor in the 
fractionation is the type of source material, due to possible differences in intramolecular distribution of 13C in the 
material [7]. 
3. Geology 
The Aquistore project site is located near the town of Estevan in southeast Saskatchewan in the northern part of 
the sedimentary Williston Basin (Figure 1). The stratigraphic succession here ranges from Cambrian and early 
Ordovician sandstones overlying the Precambrian basement to Quaternary glacial drift at the surface. Generally, 
Paleozoic strata consist primarily of carbonates, evaporites and minor shales, and overlying Mesozoic strata contain 
siltstones, sandstones, and thick transgressive shales. The two major rock packages are separated by the sub-
Mesozoic unconformity which creates a prominent hydraulic barrier: tilted Paleozoic carbonates are truncated and 
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sealed by relatively impermeable clastics of the Triassic-Jurassic Watrous Formation. Hydrocarbons are most 
abundant in Mississippian carbonates trapped beneath the overlying highly cemented low-permeability zone that 
restricts vertical migration [9]. 
Generally, strata within were deposited basin-wide in a series of layers, that form alternating sequences of 
aquifers and aquitards [10]. Aquitards are formations, or groups of formations in which the movement of fluids is 
limited while in aquifers, fluids are not restricted. The hydrostratigraphic framework (Figure 2) used in this study 
was modified after Palombi [10]. 
Figure 1. Location map showing the Williston Basin with enlarged area showing the CO2 injection and observation wells, and CO2 pipeline.
 Daniel Skoreyko et al. /  Energy Procedia  63 ( 2014 )  6310 – 6317 6313
Figure 2. Hydrostratigraphy of the Aquistore CCS site. Modified after Palombi [10].
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4. Methods 
Mud gas samples were collected from the two wells at periodic intervals during the drilling of the injection and 
subsequent observation well located approximately 150 m apart at the Aquistore CCS Project site. A total of 76 gas 
samples were collected in Isotech “Isotubes” during drilling of the two wells. Approximately 10% of the samples 
were collected from both wells at the same depth to test horizontal consistency between the wells. 
The collection of these gases is possible because as the drill bit penetrates the subsurface material, the trapped 
natural gases are liberated and are able to migrate to the surface along the wellbore in the circulating drilling mud. 
Once the gases reach the surface, the gases are separated from the mud and travel though the gas manifolds towards 
the shale shaker. When they reach this location, a portion of the gas is diverted towards a second sampling manifold 
where the gasses were collected in the Isotubes. 
Carbon isotopes for methane, ethane, propane, and butane were analyzed at the University of Alberta stable 
isotope laboratory on a Finning Matt 252 Gas Chromatography-Combustion Constant Flow Isotope Ratio Mass 
Spectrometer (GC-C-CFIRMS). Gas samples were extracted from the Isotubes using gas tight syringes and directly 
injected into the GCMS. The volume of sample injected was typically 5 cc however in some instances injections up 
to 20 cc were required. These large injections were required to analyze higher hydrocarbons that were found in low 
concentrations in some samples. Nearly every sample was run in duplicate to ensure accurate results, especially in 
samples with low gas concentrations of the ethane, propane, and butane. Samples which yielded complete results for 
methane through butane were not run in duplicate. 
To ensure that isotope results were not influenced by the use of invert drilling mud, a headspace sample was also 
run which yielded a null result.  
Samples excluded from this depth profile were rejected because (1) no viable sample was collected at a given 
depth interval, and (2) some samples contained such a low volume of gas, no reliable resulted were reported. When 
the volume of gas is sufficiently low, the GCMS does not count the individual peaks coming out of the column at a 
given time and therefore the results are invalid. 
5. Results  
The carbon isotope depth profile (Figure 3) shows values for į13C C1-C3 for the Aquistore observation well. 
Formation tops are based on well site descriptions of cuttings samples as well as the geophysical log [11]. The 
isotope depth profile is complex showing many inflection points toward both enrichment and depletion. Some 
inflection points occurred at formational boundaries, while others occurred within a given. Overall į13C for methane 
ranged from -73‰ PDB near the surface to -39‰ PDB at approximately 3200 m. Cretaceous į13C ranged 
from -73‰ to -56‰, Jurassic į13C from -62 to -56‰, Mississippian į13C from -54 to -43‰, Devonian from -61 to -
45‰, Silurian strata yielded a į13C ratio of -53‰, Ordovician from -51‰ to -46‰, and Cambrian strata from -50‰ 
to -39‰.This trend shows that near surface, current subsurface gases are dominated by more negative biogenic 
gases while with increasing depth, more enriched thermogenic gases are present. In general, the profile should be 
interpreted as a general trend rather than individual data points on the isotope depth profile.  
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Figure 3. Carbon Isotope depth profile of the Aquistore CCS site showing į13C ratio for methane, ethane, and propane.
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6. Discussion 
Overall the mud gases become increasingly enriched in į13C with depth. C1 values ranged from -73‰ at 300 m 
and reached a maximum of -40‰ at a depth of 3200 m. The profile however is not monotonic and shows many 
inflections towards both enrichment and depletion in value. When these variations occur at formational boundaries, 
it is evidence of an effective barrier to gas migration. An example of such a barrier would be between the Dawson 
Bay and the Prairie formations (-45‰ to -62‰). If a stratigraphic boundary is crossed with no isotopic shift, it is 
evidence of mixing processes occurring between the two formations. This can be seen at the transition between the 
Second White Specs and the Upper Watrous formations. If there are marked intraformationl variations, this is could 
be the result of compartmentalization within the formation [12]. The Milk River Formation shows such a trend with 
values of -55‰ and -56‰ while other formational values agree with the trend and are approximately -63‰. Another 
example can be seen in the Souris Valley (Lodgepole) Formation with two enriched values of -45‰ at 1950 m and -
44‰ at 2012 m. at these depths, there appears to be no significant difference in lithology however. 
A comparison of the samples between the two wells shows little difference in values at approximately the same 
sample depth. In the Souris Valley (Lodgepole), a sample at 2007 m was taken from the injection well with a 
reported value of -52‰. Excluding the two values which could be the result of compartmentalization, this value fits 
the trend for the formation generated from samples collected from the observation well. Near the top of the 
formation, a value of -55‰ (at 1826 m) was reported with į13C ratios becoming increasingly enriched with depth 
reaching -50‰ at 2086 m. Over the Middle Bakken Member three samples were collected, two from the injection 
well, one from the observation well. The three samples follow the expected trend, becoming increasingly enriched 
with depth. In the Birdbear Formation the two values differ by 2‰ with the injection well showing the relative 
enrichment between the two. From the Upper Interlake Formation, again samples differ by 2‰ however the 
observation well shows the relative enrichment. In the Winnipeg Black Island, both wells show -44‰ at 3181 m in 
the injection well and at 3184 m in the observation well. 
When examining this depth profile, it is apparent that the separation between methane, ethane and propane 
changes with depth. As the maturity of the gases increases, the į13C ratios increase while the separation between the 
individual species decreases. This profile therefore follows the expected trend for mono-sourced thermogenic gasses 
as described by Schoell [13]. 
A compound specific isotope depth profile is chosen for the background characterization because of the nature of 
the ubiquitous natural gases already present within the basin. This method has been demonstrated to be effective by 
many other authors [4-6, 14, 15]. IT is useful because unlike bulk gas analysis which would tell the type and 
concentration of a stray gas, the stable isotope analysis yields a more diagnostic isotopic signature for each gas type 
at each sampling point. The carbon isotope composition of natural gas is a reflection of its maturity, source rock 
type, and whether it is biogenic or thermally generated. The composition of natural gases is not greatly affected by 
migration through the subsurface therefore isotopic analysis provides a useful method for determining the origin of 
these migrated gases [4, 7, 16-20]. 
7. Conclusion 
A mud gas isotope log has been developed of the į13C isotopes for methane, ethane, and propane for the 
Aquistore carbon capture and storage project. This isotope depth profile is a vital piece of the background 
characterization of the site prior to CO2 injection. Overall the profile shows immature, biogenic gases near surface. 
With increasing depth, isotope ratios become more enriched which is indicative of more mature, thermogenic gases. 
From the profile there is no evidence of more mature, deep gases present in shallower strata. This shows that there 
are no vertical migration pathways which injected CO2 could follow to escape the injection horizon. This profile 
forms a key part of the Aquistore MMV plan.  
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